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Introduction
The Land Use in Rural New Zealand (LURNZ) model is a spatially explicit integrated model of national land use (Kerr et al. 2012 ; Anastasiadis et al. 2014 ). The development of LURNZ was originally motivated by a desire to inform climate policy, and as such, the model has been focused on the economic drivers of land-use change. While it has been possible to adapt the framework to address most factors that affect the economic returns to various land uses, the model has been ill-suited for simulating the land-use response to climate change itself.
Unlike economic drivers of land-use change which are typically determined in international markets and in national legislation, climate-related drivers display substantial spatial variation. Changes in precipitation, temperature and other atmospheric conditions associated with climate change are expected to affect suitability for primary production in a geographically heterogeneous way within New Zealand.
In this paper, I estimate an econometric model of land use that includes explanatory variables for net primary productivity under pastoral land uses. The model is similar to that specified in (Timar 2011 ) with three important differences: the inclusion of the yield variables, the addition of horticulture to the choice set and the use of an updated land-use map in estimation. When combined with projections of pasture yields under future climate, the model can be used to predict the magnitude of the land-use response to climate change. I build on this model to develop a new module for LURNZ, the Yield Change Module. In addition to performing simulations of overall land-use change under different climate scenarios, the Yield Change
Module also has the ability to produce output spatially.
I use the Yield Change Module to perform mid-century and end-of-century simulations of land use under a climate change scenario characterised by high greenhouse gas emissions (RCP 8.5). In general, future pasture yields are projected to increase in this scenario. As a result, dairy area grows by about 600,000 hectares and sheep-beef area shrinks by about 800,000 hectares by the end of the century. While these changes are significant in proportion to existing land areas, similar amounts of land-use change took place within a decade in New Zealand's recent history.
Section 2 is dedicated to the discussion of pasture yield data -other datasets used in estimating the land-use model are documented in Timar (2011) . Section 3 introduces the model, presents estimation results and evaluates the model's predictions at a regional scale. Section 4 outlines the Yield Change Module and describes the technical details of its integration into the rest of the LURNZ model. Section 5 reports the results of an illustrative application of the Yield Change Module, and section 6 concludes the paper.
Pasture Yield Data
Maps of net primary productivity (measured as mean annual total production in tonnes of dry matter per hectare) for New Zealand pastures are produced in the Biome-BGC model (Keller et al. 2014 ). Biome-BGC provides a simulation of the biological and physical processes controlling carbon, water and nitrogen dynamics in terrestrial ecosystems. The most significant inputs to the model are daily temperature, precipitation, solar radiation, vapour pressure deficit (corrected for wind strength), day length, elevation and latitude. Land quality is not an explicit input, though coarse measures of soil type and rooting depth are included. The potential for irrigation and any changes in pasture species composition are not taken into account in the Biome-BGC results.
Separate yield output is produced for dairy and sheep-beef pasture in Biome-BGC (regardless of actual land use). Modelled yields under dairy use are higher with the differences being driven by eco-physiological model parameters. These parameters are calibrated to reflect typically higher rates of fertiliser input and fire mortality accounting for more plant material being removed by livestock under dairy use. The parameters vary between sheep-beef and dairy uses, but they are constant across the whole country (Keller 2016 ).
Differences in relative yield under the two land uses arise through a complex interaction of nitrogen and water dynamics. Without sufficient precipitation, any increased availability of nitrogen from fertiliser does not lead to additional photosynthesis and pasture growth.
Consequently, grass growth at a given location may be nitrogen-limited under sheep-beef use and water-limited under dairy use.
Baseline yields
In estimating the effect of pasture yields on land use, I make use of a map of (potential) baseline yields from Biome-BGC. Baseline yields represent the average net primary productivity under current climate conditions. The climate input into Biome-BGC in this case is true historical These future yield projections are not necessarily comparable to baseline yields, so they are not used in LURNZ directly. The projections correspond to simulated future climate inputs, while the baseline corresponds to 'observed' past climate inputs. To establish a better basis for comparison, a set of simulated past climate inputs is also applied to Biome-BGC. These so-called RCP past meteorological files are the output from the six climate models under present-day forcings -rather than capturing actual weather, they are merely representative of past climate.
Simulated-climate yields
As before, the six runs are then averaged into an RCP past model ensemble average.
The percentage change in production between the RCP past and the future scenario is applied to baseline yields to construct the yield input data for LURNZ simulations. 2 Estimating future pasture production in this way is consistent with the property of Biome-BGC that it is better suited for predicting the change in production than for predicting the absolute level of production.
Land-Use Choice Model
I use a multinomial logit land-use choice model to estimate the effect net primary productivity has on land use. The model and the data on which it is estimated are similar to those described in Timar (2011) , and this section focuses primarily on points of difference from that study. choice set with an additional land-use option and the use of an updated land-use basemap. The other datasets have not changed since the previous study.
Land-use choice is modelled as a function of variables characterising accessibility to markets (distance to nearest port and distance to nearest town), land tenure (indicator for Maori freehold tenure), land quality (slope and Land Use Capability class) and pasture yields.
Yields under dairy use and yields under sheep-beef use are included as separate variables. In addition to the main effects, the estimation includes an interaction term between each yield variable and each land quality variable. These interaction terms could help resolve differences in data resolution by capturing the effect of varying land quality within a homogenous yield grid cell. All variables and interactions are listed in the table of parameter estimates in Appendix Table 1 .
Compared to the specification in Timar (2011) , the choice set is expanded from the original four land use types (dairy, sheep-beef, forestry and scrub) to also include horticulture.
The horticulture category is broad in that it includes arable, fruit, vegetable and grape farming activities. Other land uses are not modelled. 
Estimation results
Parameter estimates and standard errors from the multinomial logit model are shown in Appendix Table 1 . The coefficients of the base category, scrub, are normalised to zero. Directly interpreting these parameter estimates is difficult as they relate to a latent variable (representative utility) that affects choice probabilities in a non-linear manner. The inclusion of multiple choice alternatives and the interaction terms further complicate interpretation.
Therefore, I discuss the results in terms of the estimated (average) marginal effects presented in Table 1 .
The marginal effects represent the average change in choice probability for a unit change in the value of the explanatory variable, where the average is taken over all observations.
Location and geophysical land attributes affect land-use choices in largely expected ways: ease of access and high-quality land tend to be important factors for the more intensive land-use types such as dairy and horticulture. Maori freehold land is more likely to be in the relatively underdeveloped uses of scrub and -primarily for historical reasons -forestry (Timar 2011 ).
Therefore it is surprising that the estimated marginal effect of Maori tenure on horticulture probability is positive, however, it is small in absolute value.
As expected, higher dairy pasture yields increase the probability of dairy land use and decrease the probability of sheep-beef land use. 3 Conversely, higher sheep-beef pasture yields decrease dairy probability and increase sheep-beef probability. High statistical significance and the intuitive direction of the estimated effects suggest that relative differences across dairy and sheep-beef yields are meaningful despite the generally high correlation between the two variables. The marginal effect represents the change in choice probability for a unit change in continuous explanatory variables and for a discrete change from 0 to 1 in the Maori tenure indicator variable. Standard errors are shown in parentheses. Stars indicate statistical significance at the 1% (**) and at the 5% (*) level.
Dairy yield also seems to be positively associated with non-pastoral land uses. The effect of sheep-beef yield is the opposite. While these relationships may be spurious, it is also possible that factors contributing to higher dairy yield (relative to sheep-beef) also increase yields in forestry and horticulture. If this is the case, the estimates could be capturing aspects of 3 Increasing dairy yield by one tonne of dry matter per hectare increases the predicted probability of dairy land-use choice by 0.0644 and decreases the predicted probability of sheep-beef land-use choice by 0.1129. These marginal effects represent averages across the entire sample. Although in absolute value the cross-yield effect is larger, it is applied to a higher base probability: reflecting its land-use share in the sample, sheep-beef has the highest average choice probability. When evaluated at values of the covariates that characterise the median dairy land, the marginal own-yield effect for dairy becomes larger.
otherwise unobserved climate or land quality factors. It is likely that scrub in some areas is imperfectly identified in the data (Timar 2011) , so estimates for scrub may also reflect measurement error in the dependent variable. In any event, the size of the estimated effects for these other (non-pastoral) land uses is in all cases relatively small.
Notwithstanding the highly significant parameter estimates (and marginal effects), there is usually large uncertainty around the predicted land-use choice for a particular observation. Overall, the probability of sheep-beef use is relatively high on all types of land because of sheep-beef farming's high land-use share and heterogeneity in attributes. On the other hand, dairy farming requires high quality land, and the probability of dairy choice is low when these requirements are not met. Similarly, horticulture choice probability is almost negligible on the average sheep-beef, forestry or scrub land. Reading down the columns, one can verify that the choice probability of each alternative is highest when evaluated at values that actually characterise the given land use.
A limitation of these results stems from the fact that neither the yield model nor the landuse choice model account for the potential of irrigation. If irrigation enables naturally lowproducing areas to be used intensively and irrigation is unobserved, yields will seem less important than they actually are in determining land-use outcomes. Therefore, by ignoring irrigation, I may be underestimating the importance of yields in land use decisions (and hence the land-use response to yield changes).
Testing of the original model (Timar 2011) on a subsample chosen by systematic spatial sampling suggested that spatial autocorrelation was not a major problem in that application.
While the robustness check is not repeated here, due to the close similarities in data as well as model structure, there is no reason to suspect the same conclusion would not apply.
Model predictions
The model can be used with simulated pasture yields to predict land-use probabilities in a counterfactual climate scenario (at the observed values of other covariates). A necessary assumption for this use of the estimation results is that the observed cross-sectional relationship between yields and land-use outcomes also applies to changes over time. This is not an inherently strong assumption if yields do not change beyond their current range. However, in the long term, a host of factors including changes in production technology and adaptation to climate change can alter the nature of the current relationship between yields and land use, and the model cannot account for such changes.
A desirable feature of the land-use choice model is the scalability of its predictions. 
Module structure
Given a map of simulated future pasture yields associated with a climate change scenario, the 
Integration into LURNZ
The Yield Change Module does not replace any of the existing architecture in LURNZ; it is an auxiliary module that can be run on its own or in various combinations with the other modules.
Readers Changes in pasture production display large geographic variation due to the underlying heterogeneity in simulated climate outcomes. Mid-century changes, especially for sheep-beef, are negative across large areas of the country. However, end-of-century yields show some recovery, becoming generally (but not universally) higher than baseline yields. That is, in this climate scenario, the initial negative trends affecting pasture production in some areas tend to reverse by 2100. Although yields can change by as much as 30-40%, changes of this magnitude (in either direction) tend to be localised and wash out in the regional averages. Despite the extreme nature of the climate scenario, end-of-century dairy yields fall within the sample range of baseline yields at over 95% of grid cells, the proportion being even higher for sheep-beef yields. This suggests that the estimated relationship between yields and land use is, from a data perspective, largely valid to use in the simulations.
Mid-century and end-of-century land-use responses to these yield changes are summarised in Table 4 and Table 5 . Results in these tables reflect simulation outcomes from the spatial allocation routine of the Yield Change Module. 6 The last two rows of the tables show absolute and relative changes at the national level, where the percentage changes are relative to land-use areas in the 2012 basemap. Figure 8 and Figure 9 display spatially the simulated landuse transitions associated with the regional changes in Table 4 and Table 5 , respectively. In both 6 In some cases, there may be small differences between simulated land-use changes before and after spatial allocation. There is one example of such a situation in this scenario. The change in aggregated choice probabilities implies a fall of 3,125 hectares in Taranaki horticulture area by 2100. However, this exceeds the existing horticulture area in the region by about 1,250 hectares, so it is impossible to implement the simulated change spatially. The excess change is ignored during allocation (and an offsetting change is applied to sheep-beef land area to keep total modelled area constant).
figures, initial land use is revealed in the left-hand-side map, and final land use is revealed in the right-hand-side map.
Simulations for both time horizons indicate an overall increase in dairy, forestry and scrub areas, and a decrease in sheep-beef area. End-of-century changes are larger in absolute value than mid-century changes for dairy, sheep-beef and forestry. Horticulture area increases initially, but this trend reverses leading to an overall decrease in the longer-term simulations. 7
As expected from the size of the marginal effects in Table 1 , dairy and sheep-beef experience the largest response to changes in pasture production (in both absolute and relative terms).
Spatially, the simulated transitions tend to occur in areas where one would expect to observe them. For example, the majority of new dairy conversions are near existing dairy producing areas where suitable land is still available for conversion. On the other hand, land-use changes into scrub and forestry appear on marginal land in more remote areas. These types of transitions are qualitatively consistent with those identified and validated in previous research (Anastasiadis et al. 2014 ).
The magnitude of the land-use response is large relative to current land-use areas (and given the discussion in section 3.1, it may be an underestimate because the model does not account for irrigation). However, the size of the response must be considered in context of the high climate change scenario and the length of the simulation. The implied rate of land-use change over the simulation horizon is much lower than the rate at which land use in New
Zealand has been changing historically: in fact, the land-use change experienced in the last decade alone exceeds that projected to take place by 2100 in these simulations. 
Conclusion
In this paper, I estimate a multinomial discrete choice model of land use that includes explanatory variables for potential net primary productivity in dairy and sheep-beef pastures.
The estimated marginal effects suggest that, as expected, higher dairy yields increase the probability of dairy use and decrease the probability of sheep-beef use, and vice versa. To the extent that pasture yields are correlated with yields in horticulture or forestry, the effects of these will also be captured in the estimates. The model's in-sample predictions fit observed patterns in the distribution of land uses at a regional scale relatively well. Compared to the end of the century, pasture production under this RCP is characterised by generally lower mid-century yields. Even in areas where initial yield trends are negative, these trends tend to reverse over the longer time horizon. In this illustrative application, I ignore economic drivers of land-use change.
Simulations over both time horizons suggest an overall increase in dairy, forestry and scrub areas, and a decrease in sheep-beef area. Horticulture area expands in the mid-century runs, but contracts in the end of the century runs. In both absolute and relative terms, the two pastoral land uses experience the largest response to climate-driven changes in pasture production. Dairy area increases by nearly 600,000 hectares and sheep-beef area falls by over 800,000 hectares by the end of the century -these changes are not out of the ordinary when compared to the rate of historical land-use change in New Zealand. Qualitatively, the spatial pattern of simulated land-use change is consistent with that identified in previous research.
Over the next century, economic drivers are expected to have a larger effect on land use than climate change itself. Nonetheless, the simulations highlight that land use may continue to intensify as a result of a changing climate (under RCP 8.5). This would put further pressure on New Zealand's water resources and could contribute to further increases in the country's atmospheric greenhouse gas emissions.
There are two important caveats to the results in this paper. First, not being able to account for irrigation in the model may cause me to underestimate the size of the land-use response to yield changes. Second, the results are based on changes in mean climate only.
Climate variability, which is expected to increase under RCP 8.5, could potentially also have a large impact on yields and consequently on rural land use and economic outcomes. 
